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ABSTRACT

The following document is version 3 of the Algorithm Theoretical Basis Document (ATBD) for
Snow Cover/Depth retrieval from surface reflectances. The reflectances are to be derived from
Top-of-Atmosphere radiances received by the National Polar-orbiting Operationa
Environmental Satellite System (NPOESS) Visible/Infrared Imager/Radiometer Suite (VIIRS).
Snow Cover/Depth, a VIIRS level 2 product, is one of the required VIIRS Environmental Data
Records (EDRs) as stated in the VIIRS Sensor Requirements Document (SRD). The surface
reflectances will be supplied as a product of the VIIRS Albedo EDR, as documented in the
VIIRS Atmospheric Correction over Land ATBD (Y2411). The purpose of this document is to
describe the theoretical basis and development process of the algorithms to retrieve a binary
snow/no snow map and the fraction of snow cover in a specified horizontal cell, as required by
the VIIRS SRD.

The VIIRS Snow Cover EDR threshold requirement is that a binary snow/no snow map be
produced at a horizontal cell size of 0.5 km at nadir under clear, daytime conditions, with a
probability of correct typing of 90% or better. The algorithm to retrieve the binary map uses the
surface reflectance in three VIIRS fine resolution reflectance bands. It is an adaptation of the
MODIS snow algorithm, which classifies a pixel as snow or no snow from its values of
Normalized Difference Snow Index (NDSI) and Normalized Difference Vegetation Index
(NDVI). The VIIRS agorithm uses a red band in place of the green band used by the MODIS
algorithm, alowing us to achieve fine resolution (0.4 km at nadir). Our analysis shows that the
red band NDSI threshold is nearly identical to the green band NDSI threshold. Our performance
analysis leads to a performance estimate of 95% or better probability of correct typing for most
cases, consistent with the expected performance of the MODIS algorithm. The algorithm, which
will benefit directly from MODIS heritage, is a low risk approach with the capability of
providing an operational, global snow cover product.

The VIIRS Snow Cover EDR objective requirement is that the horizontal extent of snow cover
be retrieved globally at a horizontal cell size of 1.3 km under clear, daytime conditions. The
measurement range will be the fraction of snow cover from 0 to 1, with a measurement
uncertainty of 0.1. The algorithm to retrieve snow fraction uses the surface reflectance in three
VIIRS fine resolution reflectance bands and aso in seven VIIRS moderate resol ution reflectance
bands. The agorithm is an application of Multiple Endmember Spectral Mixture Analysis
(MESMA). An objective of any spectra mixture analysis is the definition of subpixel
proportions of spectra endmembers that may be related to mappable surface constituents.
Spectral mixture analysis “unmixes’ the mixed pixel, determining the fractions of each spectral
endmember which combine to produce the mixed pixel’s spectral signature. Our approach is to
model the signature from each pixel as a combination of two components. a pure snow
reflectance spectrum and a modeled non-snow reflectance spectrum. The approach is based on
the assumption that the non-snow endmember spectrum for each pixel is sufficiently modeled by
a monthly mean non-snow reflectance, acquired from an external database. Our performance
analysis indicates that the measurement uncertainty requirement can be achieved, except for
scenes with forest canopy.

Hﬂvﬂlelm Document #: Y2401 iX
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This document presents the algorithm theoretical basis, the input data requirements, the EDR
performance specification and error analysis, conditions under which the specification can not be
attained, and the plan for initialization and validation. It is a substantial revision of our version 2
algorithm, which should be considered to be completely superseded by the new version

X Document #: Y2401 Raytheon



NPOESS COMPETITION SENSTIVE Show Cover/Depth

1.0 INTRODUCTION
1.1  PURPOSE

This Algorithm Theoretical Basis Document (ATBD) explains the mathematical background to
derive the Snow Cover Environmental Data Record (EDR). This document also provides an
overview of required input data, physical theory, assumptions, limitations, and a performance
analysis of the described algorithms. The Snow Cover EDR is obtained from measurements of
the National Polar-orbiting, Operational Environmental Satellite System (NPOESS)
Visible/Infrared Imager/Radiometer Suite (VIIRS). The one EDR described in this document is
part of the NPOESS/VIIRS team software package of 29 EDRSs.

1.2 SCOPE

This document covers the theoretical basis for the derivation of the Snow Cover EDR, which
consists of a binary snow/no snow map and snow fraction in a horizontal cell. The purpose and
scope of the document are described in Section 1, while Section 2 provides an overview of the
snow cover retrieval objectives. Section 3 describes the algorithm, its input data, the theoretical
background, and some practical considerations. Section 4 contains the EDR performance
analysis and error budget. Section 5 contains the pre-launch and post-launch plan for verification
and validation. Section 6 contains assumptions and limitations.

1.3 VIIRS DOCUMENTS

This document contains references to other Raytheon VIIRS documents, which are given in
italicized brackets. The VIIRS documents cited in this document are:

[SS154640-001] VIIRS System Specification

[PS154640-101] VIIRS Sensor Specification

[Y3261] RDR to SDR Conversion ATBD

[Y2411] Atmospheric Correction Over Land ATBD

[Y2412] Cloud Mask ATBD

[Y2477] VIIRS Snow/Ice Module Level Software Architecture document

['Y3258] Earth Location ATBD

Raytheon Document #: Y 2401 1
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14  REVISIONS
Thisisthe third version. Changes since version 2 include:

« A new algorithm to retrieve the binary snow/no snow map, which is a new requirement
« Revision of the process flow, to include the new agorithm

e Improvementsto the error analysis, with additional tests

e A revised error budget

2 Document #: Y 2401 Raytheon
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2.0 EXPERIMENT OVERVIEW
21  OBJECTIVES OF THE SNOW COVER RETRIEVAL

Because of its high albedo, snow is an important factor in determining the radiation balance, with
implications for global climate studies (Foster and Chang, 1993). General circulation models
(GCM) do not simulate the Arctic climate very well (Bromwich and Tzeng, 1994), indicating the
need to improve measurements of the global snow cover. Weekly snow cover maps of the
Northern Hemisphere have been produced since 1966 by NOAA (Matson, Roeplewski, and
Varnadore, 1986; Matson, 1991). Daily and 8-day composite global maps are an objective of the
recently launched NASA MODIS instrument (Hall et al., 1998). Regionally, the measurement of
snowpack properties is vital to the prediction of water supply and flood potential (Carroll et al.,
1989; Chang et al., 1987). Regiona snow products with 1 km resolution are produced by the
National Weather Service (Carroll, 1990), and are expected at 500 meter resolution from
MODIS. The objective of the VIIRS retrieval is to achieve the performance specifications
designed to meet the requirements stated in the VIIRS Sensor Requirements Document (SRD).
These are given in Table 1 (Binary map) and Table 2 (Snow fraction).

Tablel. Specificationsof the VIIRS Snow Cover/Depth (Binary Map) EDR

Parameter Thresholds Objectives Specification Value
a. Horizontal Cell Size,
1. Clear — daytime 1.3 km (TBR) N/A 0.8 km
(Worst case)
2. Clear — daytime 0.5 km (TBR) N/A 0.4 km
(At nadir)
3. Cloudy and/or 12.5km N/A NPOESS / CMIS
nighttime Capability
b. Horizontal Reporting (TBD) N/A Horizontal Cell Size
Interval
c. Snow Depth Ranges >0 cm (Any Snow N/A >0 cm (Any Snow
Thickness) Thickness)
d. Horizontal Coverage Land N/A Land
e. Vertical Coverage >0cm N/A >0cm
f. Measurement Range Snow / No snow N/A Snow / No snow
g. Probability of Correct | 90% (TBR) at (TBS) % N/A 95%
Typing(Clear — daytime) confidence level
h. Mapping Uncertainty, 3km N/A 0.067 km (nadir)
Clear
m. Minimum Swath 3000 km (TBR) N/A 3000 km
Width
nits:  Dimensionless

Raytheon Document #: Y 2401 3
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Table 2. Specificationsof the VIIRS Snow Cover/Depth (Snow Fraction) EDR

Width

Parameter Thresholds Objectives Specification Value
a. Horizontal Cell Size,
1. Clear — daytime 1.3 km (TBR) 1km 1.6 km
(Worst case)

2. Clear — daytime N/A N/A 0.8 km
(At nadir)

3. Cloudy and/or 12.5km 1 km NPOESS / CMIS
nighttime Capability

b. Horizontal Reporting (TBD) (TBD) Horizontal Cell Size
Interval

c. Snow Depth Ranges >0 cm (Any Snow >0 cm (Any Snow >0 cm (Any Snow

Thickness) Thickness) Thickness)

d. Horizontal Coverage Land Land & Ice Land

e. Vertical Coverage >0cm >0cm >0cm

f. Measurement Range N/A 0-1 0-1

n. Measurement N/A 10% 0.1
Uncertainty
(Clear — daytime)

h. Mapping Uncertainty, 3km 1 km 0.233 km (worst
Clear case)

m. Minimum Swath 3000 km (TBR) (TBD) 3000 km

nits;: Dimensionless

The specifications apply under clear, daytime conditions only. Surface properties can not be
observed through cloud cover by a VIS/IR sensor.

Document #: Y 2401
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2.2

INSTRUMENT CHARACTERISTICS

The VIIRS sensor has been designed from the NPOESS sensor requirements and the flowdown
of EDR requirements. Compl ete details on the instrument design are provided in the Raytheon
VIIRS Sensor Specification Document [ PS154640-101] .

The binary map algorithm uses surface reflectance in three bands at fine resolution. Table 3 lists
the characteristics of these bands.

Table3. Snow Binary Map Algorithm —Input Data Summary

GSD (m) HCS (m) GSD (m) at HCS (m) at
Apm) | AA(um) at Nadir at Nadir Edge of Scan | Edge of Scan
(Track x Scan) | (Track x Scan) | (Track x Scan) | (Track x Scan)
0.645 0.050 371x131 371x393 800 x 800 800 x 800
0.865 0.039 371x131 371x393 800 x 800 800 x 800
161 0.060 371x131 371x392 800 x 800 800 x 800

Each band has a calibration accuracy specification of 2%. The expected band noise performance
provides signal-to-noise better than 100 for most cases, asillustrated in Figure 1.

2300

2000

SIGNAL-TO-NOISE (NADIR)

SHOW BINARY MAP -

BanD NOISE FPERFO
T T T | T T T
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J

Figure 1. Expected signal-to-noise performance for thethree VIIRS fine
resolution bandsused in the binary snow map algorithm.
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The snow fraction algorithm uses surface reflectance in 3 bands at fine resolution and 7 bands at
moderate resolution. Each is a source of additional information to improve the retrieval.
Addition of bands reduces the sensitivity of spectral mixture analysis to accuracy and precision
errors in the surface reflectances. Dozier et a. has demonstrated in unpublished work with
AVIRIS data that in a linear mixture scenario more bands damp fraction sensitivity to noise and
mis-calibration. Table 4 lists the characteristics of the 10 bands used in the snow fraction

agorithm.
Table4. Snow Fraction Algorithm — Input Data Summary
GSD (m) HCS (m) GSD (m) at HCS (m) at
Am) | AA(um) at Nadir at Nadir Edge of Scan | Edge of Scan
(Track x Scan) | (Track x Scan) | (Track x Scan) | (Track x Scan)
0.410 0.022 742 x 262 742 x 786 1600 x 1600 1600 x 1600
0.445 0.018 742 x 262 742 x 786 1600 x 1600 1600 x 1600
0.488 0.020 742 x 262 742 x 786 1600 x 1600 1600 x 1600
0.555 0.020 742 x 262 742 x 786 1600 x 1600 1600 x 1600
0.645 0.050 371x131 742 x 786 800 x 800 1600 x 1600
0.672 0.020 742 x 262 742 x 786 1600 x 1600 1600 x 1600
0.865 0.039 371x131 742 x 786 800 x 800 1600 x 1600
1.24 0.020 742 x 262 742 x 786 1600 x 1600 1600 x 1600
161 0.060 371x131 742 x 786 800 x 800 1600 x 1600
2.25 0.050 742 x 262 742 x 786 1600 x 1600 1600 x 1600

Each band has a calibration accuracy specification of 2%. The expected band noise performance

provides signal-to-noise better than 100 for most cases, asillustrated in Figure 2.

Document #: Y 2401
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Figure 2. Expected signal-to-noise performance for the three VIIRS fine resolution bands
and 7 VIIRS moder ate resolution bands used in the snow fraction algorithm.

2.3 RETRIEVAL STRATEGY
2.3.1  Snow Binary Map

The input data will be an image cube, consisting of a two-dimensional grid of surface pixels for
each of three VIIRS fine resolution bands in the form of geolocated surface reflectances. Surface
reflectances will be supplied as a product of the Albedo EDR, as documented in the Atmospheric
Correction Over Land algorithm [ Y2411].

The Cloud Mask algorithm [ Y2412] will identify pixels that should be excluded from processing
due to cloud or cloud shadow. The Cloud Mask will also supply a mask to identify boreal forest
pixels requiring specia consideration and a land/water mask.

Each pixel will be examined for its suitability. Pixels designated as land by the land/water mask
and as clear or probably clear by the cloud mask will be passed for processing. Pixels designated
as “probably clear” may have a quality flag attached to them. The solar/sensor angles for each
pixel will be used to determine whether the pixel is rejected, passed for further processing with a
quality flag attached, or passed for further processing without reservation.
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Pixels which have been passed for processing will have their values of NDSI, NDVI, and NIR
reflectance examined to determine a snow or no snow classification, following the prescription
described in Section 3.3.2.

2.3.2  Snow Fraction

The input data will be an image cube, consisting of a two-dimensional grid of surface pixels for
each VIIRS band in the form of geolocated surface reflectances. Surface reflectances will be
supplied as a product of the Albedo EDR, as documented in the Atmospheric Correction Over
Land algorithm [ Y2411]. The ground imaged field of view (GIFOV) of each moderate resolution
band is matched with all the other moderate resolution bands. The VIIRS fine resolution bands
are nested with the VIIRS moderate resolution bands so that a 2 X 2 aggregate of fine resolution
GIFOVs is matched with the GIFOV of the moderate resolution bands. The fine resolution
reflectances will be averaged over the 2 X 2 aggregate corresponding to the GIFOV of the
moderate resolution bands. The snow fraction algorithm uses all available reflectance band
information, on the assumption that the relative weight of each band can be determined (c.f.
Section 3.3.3). If each band contained completely independent information, the algorithm
variance would scale as 1/N, where N is the number of bands. Because reflectance spectra
contain band correlations, actual performance will not improve as much. Our performance
analysis for snow fraction (c.f. Section 4.2.2) adopts the assumption that the bands are all
completely correlated. To the extent that the suite of bands contain independent information,
algorithm performance will improve.

The Cloud Mask algorithm [ Y2412] will identify pixels that should be excluded from processing
due to cloud or cloud shadow. The Build-SDR module [Y3261] will supply a mask to identify
boreal forest pixels requiring special consideration and a land/water mask.

Each pixel will be examined for its suitability. Pixels designated as land by the land/water mask
and as clear or probably clear by the cloud mask will be passed for processing. Pixels designated
as “forest” by the forest mask will have a quality flag attached to them. Pixels designated as
“probably clear” may have a quality flag attached to them. The solar/sensor angles for each pixel
will be used to determine whether the pixel is reected, passed for further processing with a
quality flag attached, or passed for further processing without reservation.

The algorithm will acquire pixel-by-pixel information about non-snow spectral signatures from a
reference database indicating the surface properties for the relevant month. Initialy, we expect
the database to be derived from MODIS and NPP. As the NPOESS mission progresses, we
expect the database to be modified by the VIIRS observations, and provided as a Monthly Mean
Non-snow Reflectance Intermediate Product (IP). The grid size of the monthly mean non-snow
reflectance IP will be determined by the capabilities of MODIS and NPP, and by the capacity of
the NPOESS system to store and access large databases. The smaller the grid size, the smaller
will be the error in non-snow endmember reflectance.

For each pixel which has been passed for further processing, Multiple Endmember Spectral
Mixture Analysis will be performed to derive snow fraction, following the prescription described
in Section 3.3.3.
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3.0 ALGORITHM DESCRIPTION
3.1  PROCESSING OUTLINE

The input surface reflectance data is tested for instrument quality, clear conditions, and solar
zenith angle. All pixels which pass the tests are processed by the snow binary map agorithm (c.f.
Section 3.3.2) and by the snow fraction algorithm (c.f. Section 3.3.3). The snow binary map
algorithm produces a snow/no snow classification for each pixel, which is written to the EDR
output. The snow fraction algorithm produces a snow fraction value for each pixel, which is also
written to the EDR output. A description of the software process flow isin the VIIRS Snow/Ice
Module Level Software Architecture document [ Y2477].

3.2 ALGORITHM INPUT
3.2.1 VIIRS Data
The snow binary map and snow fraction algorithms require the VIIRS data listed in Table 5.

Table5. VIIRS Datafor the VIIRS Snow Cover Algorithms

Input Data Source of Data Reference
Instrument Quality VIIRS RDR to SDR Processor* [Y3261]
Geolocation VIIRS Earth Location Algorithm [Y3258]
Solar/Sensor Geometry VIIRS RDR to SDR Processor* [Y3261]
Surface Reflectance VIIRS Atmospheric Correction Over Land Algorithm [Y2411]
Cloud Mask VIIRS Cloud Mask Algorithm [Y2412]
Land/Water Mask VIIRS Cloud Mask Algorithm [Y2412]
Forest Mask VIIRS Cloud Mask Algorithm [Y2412]
Non-Snow Reflectance Spectra VIIRS Monthly Mean Non-snow Reflectance IP* [Y2470]
Snow Reflectance Spectra Snow Reflectance LUT* [Y2470]

* RDR = Raw Data Record SDR = Sensor Data Record IP= Intermediate Product LUT=

Look-up Table
3.2.1.1 Instrument Quality

The Build-SDR module will attach instrument quality flags to the input data. Image pixels with
one or more bad quality bands may have a snow fraction quality flag attached to them. Pre-
launch or post-launch validation will determine which band losses require a snow fraction
quality flag. A pixel with a bad SDR quality flag for any one of the three fine resolution bands
will have abinary snow map quality flag attached to it.
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3.2.1.2 Geolocation

Geolocation of each imaged pixel will be used to report the latitude/longitude coordinate of each
horizontal cell of the EDR product [ Y3258].

3.2.1.3 Solar/ Sensor Geometry

Pixels with solar zenith angle greater than a threshold shall be excluded from further processing.
Our current threshold is 80 degrees. Pixels with solar zenith angle between 70 degrees and 80
degrees will be processed, but with a quality flag attached. The final setting of these values will
be made as part of the initialization plan (c.f. Section 3.6.1). Solar/sensor geometry may be used
to apply a BRDF quality flag, if warranted by pre-launch or post-launch validation (c.f. Sections
3.6.2, 3.6.3).

3.2.1.4 Surface Reflectance

The VIIRS Atmospheric Correction Over Land algorithm [Y2411] will produce surface
reflectances for all bands used by the algorithms. Models of surface reflectance error are used in
our error analysis (c.f. Section 3.4.2).

3.2.15 Cloud Mask

The VIIRS cloud mask [Y2412] is expected to derive a status of clear/probably clear/probably
cloudy/cloudy for each pixel, following the convention of the MODIS cloud mask (Ackerman et
al., 1997). Pixels flagged as “cloudy” will be excluded from further processing. We expect that
pixels flagged as “probably cloudy” will aso be excluded. This determination must depend on an
assessment of the cloud mask performance, particularly over snow and ice surfaces. Pixels
flagged as “probably clear” will be processed, although we wish to flag the output EDR as
“possibly cloud contaminated.” Pixels flagged as “definitely clear” will be processed. It is
anticipated that the cloud mask will also flag pixels that are shadowed by clouds. In that case, a
cloud shadow quality flag will be assigned to those pixels.

3.2.1.6 Land/Water Mask

The EDR will be reported for land pixels. Coastline pixels must be identified and reported with a
quality flag. The best quality land/water map available will be used. It is believed that a 1 km
land/sea map will be developed by the EROS Data Center (EDC) from data products generated
by the MODIS instrument. The land/water mask will be supplied as part of the Cloud Mask IP
[Y2412].

3.2.1.7 Forest Mask

It is anticipated that a forest mask will be available. A forest canopy quality flag will be assigned
to those pixels.
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3.2.1.8 Non-Snow Reflectance Spectra

Pixel-by-pixel information about non-snow spectral signatures will be acquired from a reference
database indicating the surface properties for the relevant month. The database of non-snow
reflectance will be available and corrected on the basis of the latest observations. Initially, we
expect the database to be derived from MODIS heritage and improved by NPP. As the NPOESS
mission progresses, it will be continually updated as a monthly mean non-snow reflectance IP.

3.2.1.9 Snow Reflectance Spectra

Snow reflectance is variable, with a strong dependence on grain size and level of impurities. A
reference library of model snow reflectances will be created as part of the initialization activity.
The number and range of model spectra used will be determined by pre-launch validation
activity (c.f. Section 5.1).

3.2.2 Non-VIIRS Data

The agorithms use no auxiliary and ancillary non-VIIRS data. Some non-VIIRS data is needed
by the Cloud Mask algorithm [Y2412] and the Atmospheric Correction over Land algorithm
[Y2411]. An account of these requirementsisfound in their ATBDs.

3.3  THEORETICAL DESCRIPTION OF THE RETRIEVAL

The processes outlined in Section 3.1 only apply to regions that have successfully passed the
quality examinations. Descriptions of the mathematical backgrounds of these processes follow.

3.3.1 Physics of the Problem

Pure snow is a distinctive target across a part of the solar spectrum. It is among the brightest of
natural substances in the visible and near-infrared part of the spectrum, but it is also often the
darkest in the shortwave infrared (Dozier, 1989). The spectral albedo of snow depends on
wavelength, and this dependency is controlled by the imaginary part (k) of the complex
refractive index. This reaches a minimum at a wavelength of about 0.46 microns, and increases
by afactor of 10° - 10" as wavelength increases out to 2.5 microns (Warren, 1982; Dozier, 1989).
Light transmission decays exponentially in ice across a distance d as exp(-41kd/A). The e-folding
distance for ice (the distance over which transmittance is reduced to 1/e) decreases from more
than 20 min the 0.4 — 0.5 micron range to less than 1 mm at 1.6 microns.

Light in snow is scattered primarily by refraction through, not reflection from, the ice grains.
Photons are scattered at the grain surfaces, but absorbed while traversing the grain interiors. Only
about 3 percent of the light scattered by an ice grain is reflected from the external surface. Nearly
89 percent is refracted through the grain, and 8 percent is scattered after internal reflections
(Bohren and Barkstrom, 1974). Because ice is so transparent to visible radiation, snow
reflectance is insensitive to grain size in bands below 0.7 microns, but sensitive to absorbing
impurities in the snow and to SWE (Wiscombe and Warren, 1980; Grenfell, Perovich, and
Ogren, 1981). Because absorption by ice is much stronger in bands above 1.4 microns,
reflectance at these wavelengths is insensitive to absorbing impurities and SWE, but sensitive to
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grain size. Absorbing particulates affect snow reflectance out to 0.9 microns (Warren and
Wiscombe, 1980), so the 0.86 micron band is sensitive to both absorbing impurities and grain
size. All aforementioned values in this paragraph are determined from geometric optics for a
sphere.

The spectral signature of snow is unigue among common substances. Clouds and snow are both
bright across the visible and near-infrared region, but clouds are much brighter than snow in the
shortwave infrared. This is because the smaller size of the scatterers in clouds decreases the
probability of absorption in this spectral region where ice and water are moderately absorptive
(Crane and Anderson, 1984; Dozier, 1984, 1989). Conversely, bodies of open water are dark at
all wavelengths. Vegetation is dark in the visible bands because of absorption by photosynthetic
pigments, but has a maximum reflectance between 0.7 and 1.3 microns. Because of leaf cell
structure (Hoffer, 1978), shortwave infrared reflectance is inversely related to leaf water content
for healthy vegetation. Nevertheless, the reflectance at wavelengthslonger than 1.5 microns is
still high compared to that of snow. Most rock and soil spectra are the reverse of snow’s.
Absorption by iron oxides and organic matter strongly reduce visible reflectances, while those in
the shortwave infrared remain high.
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Typica reflectance properties of snow and other surfaces areillustrated in Figure 3. An
illustration of snow/cloud reflectance differencesisin Figure 4.
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Figure 3. Representative r eflectance spectra for snow, vegetation, soil,
and water (from Klein, Hall, and Riggs, 1998).
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Figure4. Representative reflectance spectra for snow and clouds (from Hall et al., 1998).

It is important to note that the reflectance spectra shown in the previous figures are
representative of one typical case for each surface type and cloud type. Real surfaces will exhibit
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spectral variability for any given surface type. In particular, snow reflectance depends on grain
size and impurities. Cloud reflectance will vary with optical thickness, effective particle size, and
phase.

The VIIRS Snow Cover EDR requirements apply to snow cover of any depth. Snow is such an
efficient scatterer of visible and infrared radiation that the surface reflectance properties of snow
are not very sensitive to snow depth or SWE. The physical basis for retrieval of snow depth or
SWE is that the scattering efficiency of snow is measurably dependent on frequency in the
passive microwave range of the spectrum. Microwave radiation upwelling from the underlying
surface is scattered away from the sensor as it propagates through the snowpack. Thus,
brightness temperatures at any given microwave frequency are lower for deeper snowpacks. In
addition, the scattering efficiency increases with frequency over the microwave range. As a
result, differences in brightness temperatures at different microwave frequencies are correlated
with the SWE. This physical principle isthe basis for SWE retrieval agorithms based on passive
microwave observations (Grody and Basist, 1996; Foster, Chang, and Hall, 1997; Chang, 1998).

3.3.2 Mathematical Description of the Snow Binary Map Algorithm

The agorithm is an adaptation of the binary classification technique of the MODIS algorithm,
SNOMAP (Hall et al., 1998). SNOMAP classifies snow by a Normalized Difference Snow Index
(NDSI) of 0.555 pm and 1.64 pm bands. Our agorithm is an adaptation of the MODIS
algorithm. We use an NDSI from the 0.645 pm and 1.61 pm VIIRS fine resolution bands,

combined with a reflectance threshold in the 0.865 um VIIRS fine resolution band, to classify a
VIIRS pixel as snow or non-snow at fine resolution.

NDSI = (R1—R2)/(R1+Ry)

Where: R;, R, = Reflectancesin 0.645 um, 1.61 um MODI S bands
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Pixels with an NDSI > 0.4 and a 0.865 um reflectance > 0.11 are classified as snow. These
thresholds have been developed from pre-launch MODIS characterization, as described in the
MODIS ATBD (Hall et al., 1998). An illustration of the application of these thresholds is shown
asFigure5.
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Figure 5. Near-Infrared Reflectance versus NDSI plot for winter and summer Landsat TM
scenes of Glacier National Park, Montana (from Hall et al., 1998). Pixels located in the
cross-hatched region are classified as snow. Winter forest pixels, which are known to have
snow cover under theforest canopy, areincorrectly classified asno snow.

The MODIS agorithm also uses a Normalized Difference Vegetation Index (NDVI) to classify
snow covered forest pixels by location in an NDSI/NDV | scatter plot.

NDVI = (R1—R2)/(R1+ Ry)
Where: R;, R, = Reflectancesin 0.858 um, 0.645 pm MODIS bands

Pixels with 0.1 < NDSI < 0.4 are classified as snow cover under a forest canopy, if NDVI is
greater than a threshold value. The threshold depends on the pixel NDSI. These thresholds have
been developed from pre-launch MODI S characterization. A snow reflectance model was used in
conjunction with a canopy reflectance model (GeoSAIL) to develop the thresholds, which were
then tested on Landsat TM images of the southern BOREAS study areain Prince Albert National
Park, Saskatchewan. Details can be found in Klein, Hall, and Riggs (1998). An illustration of the
application of these thresholdsis shown as Figure 6.
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Figure 6. NDSI versus NDVI plot for modeled aspen, jack pine, and spruce stands (from
Klein, Hall, and Riggs, 1998). The hatched region is the snow classification region for the
Version 4 MODIS algorithm. The gray shaded region represents a proposed additional
region for capturing snow-covered forests.

Our agorithm also adopts this approach.
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3.3.3 Mathematical Description of the Snow Fraction Algorithm

The hypothesis that snow fraction can be determined by assuming that observed reflectance
spectra are linear combinations of the spectra of a small set of scene components (spectral
endmembers) has been supported by several studies (Nolin, Dozier, and Mertes, 1993;
Rosenthal, 1993; Rosenthal and Dozier, 1996). These endmembers are the spectra of snow, rock,
soil, or vegetation. They can be obtained from the image itself (image endmembers), or from
calibrated field or laboratory spectra (reference endmembers). The agorithm to retrieve snow
fraction includes an application of linear spectra unmixing. Spectra mixture analysis
“unmixes’ the mixed pixels determining the fraction of each spectral endmember that would
combine to produce the mixed pixel’ s spectral signature.

Our approach is based on a mixture model which incorporates multiple snow endmembers to
characterize subpixel snow cover. The technique is caled Multiple Endmember Spectra
Mixture Analysis (MESMA). Snow’s spectral reflectance is sensitive to grain size, impurity,
water content and other attributes. As a result, snow spectrally manifests itself as a range of
endmembers. Thus, multiple snow endmembers are necessary to increase the accuracy of the
snow cover retrieval. Use of multiple snow endmembers improves spectral mixture analysis.
This approach is based on trandation of varying snow parameters into different snow spectral
reflectance. The variable spectral nature of snow is accounted for by use of multiple snow
endmembers (Painter et al., 1998).

Significant sub-scene heterogeneity can contaminate SMA modeling with a fixed suite of
endmembers. To increase the accuracy of the algorithm, we assume variation of the endmembers
on a pixel-by-pixel basis. The agorithm takes into account the most prominent features of the
endmember spectra varying from one location on the earth surface to another. We use MESMA
allowing the endmembers to vary on a pixel-by-pixel basis, which accounts for variation in
surface types both for snow and non-snow endmembers. Such an approach has been developed
by Painter et a. (1998) and Roberts et a. (1998). It has been shown in these papers that reference
endmember libraries can be used with great success to accurately map snow in apine regions
and in the Santa Monica Mountains.

Our approach is based on using a mixture model with known non-snow endmembers for each
pixel. The snow cover (fraction) for the pixelsis estimated by the mixture model with |east
mixing mean-square-root error. Our approach allows the types of snow endmembersto vary on a
per pixel basis. It is assumed that the true reflectance is alinear combination of the non-snow
reflectance and a single snow type reflectance:

M, =f § + (1) X, (3.3.3.1)
where: f = Truesnow fraction.

My = Mode reflectance in band (b) for snow type (t) and snow fraction (f).

Syt = Modé reflectance in band (b) for snow type (t).

Xp = Mode non-snow reflectance in band (b).
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The RMS variance of the observed reflectance from the model reflectanceis:

el= I (R-f(S,-X)-X)w, (t=1N) (33.3.2)

where: R, = Observed reflectance in band (b).

Weight in band (b).

Wp
and the summation is over al bands.
Minimization of & ?with respect tof ; gives us the snow fraction for snow type (t):

f, = S (R-X)(S,-X)w, /= (S,-X)w, (3.3.3.3
where the summations are over all bands.

For each of the N snow types, the algorithm computes f, from eguation (3.3.3.3). Fractions
smaller than zero are set to zero. Fractions greater than one are set to one. The algorithm then
computes e by plugging f, back into equation (3.3.3.2). The type (t) with the smallest & is
selected, and itsf, is reported as the snow fraction.

3.3.3.1 Endmember Selection (Non-Snow Reflectance)

The construction of Equation 3.3.3.1 requires us to select the endmembers that constitute a given
pixel in a scene. This is perhaps the largest constraint on the use of spectral unmixing as an
operational approach to subpixel snow mapping.

Previous results of using MESMA (Roberts et al., 1998) show that a majority of the image could
be modeled as two-endmember models. Three-endmember models provide poorer discrimination
due to overlap of different models. Therefore, we limit our choice to two end-members. In
general, the lower the number of endmembers, the higher the priority in choosing endmembers
for SMA. But using MESMA aong with the database of non-snow endmembers allows us to
avoid constraints related to application of 2 endmembers.

The regional nature of endmembers presents the greatest hindrance for development of the
algorithm. Our approach treats the non-snow endmember as an empirical quantity derived from
observations, rather than a pure surface type.

Our proposed approach eliminates the search for endmembers on the fly, which significantly
increases the speed of calculations, making possible operational usage. Optimal speed and
efficiency are achieved when the information on non-snow endmember reflectance is available
and accurate. Features of non-snow endmembers change from pixel to pixel. The reflectance
spectral signatures of non-snow endmembers are a source of error, since the conditions of the
underlying surface at a particular location will vary seasonally.

MESMA has been successful in regional mapping of snow fraction. Given this success, there is
good reason to expect the technique can be developed so that it is operational on a global basis.
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There is some risk associated with applying the algorithm globally, since the required global
database of non-snow reflectance does not currently exist.

We plan to grow a global library of monthly mean non-snow reflectance in the VIIRS bands to
account for seasonal variations. The library will be built from satellite observations rectified to a
fixed latitude/longitude grid. MODIS will produce a surface reflectance product (Vermote,
1999), which will be used to build an initial database. The MODIS bands are similar to the
VIIRS bands. Rectification of the MODIS data to the VIIRS bands should therefore introduce
minimal error. Observations during the NPP will build on the MODI 'S database and customize it
to the VIIRS bands.

3.3.3.2 Snow Reflectance

The reflectance spectral signatures of snow endmembers will be obtained from a reference
database, which we will build. There are different ways to collect information on snow spectral
signatures. These include analytic derivations from scattering theory, observations under
laboratory conditions, in situ observations, and remote observations from orbiting satellites.

We plan to rely primarily on in situ observations, which are available from numerous field
observations of snow reflectance.

Remote observations have the advantage that they are obtained in a similar way to the VIIRS
data, but they are subject to errors in atmospheric correction. We will rely on a VIIRS
atmospheric correction to surface reflectance, and will not use previous satellite observations to
build our database.

Observations under laboratory conditions do not reproduce the wide variety of possible snow
conditions found in nature.

Analytic derivations use simplifying assumptions to make them tractable. We will use these as a
quality check on thein situ observations.

3.3.4  Archived Algorithm Output

The binary snow map will be archived as a yes/no bit for each pixel. The retrieved fraction of
snow for each VIIRS pixel will be archived as a floating point number.

Data quality flags will be attached to any reported product derived from input data with a data
quality flag attached. These include, but are not necessarily limited to, data flagged as “probably
clear”, “cloud shadow”, and “forest canopy”.
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40 EDR PERFORMANCE

The performance of the algorithms with respect to the VIIRS requirements and the System
Specification (c.f. Tables 1 and 2) isreviewed in this section.

EDR performance shal be verified by analysis, modeling, and/or simulation based on the
instrument design and performance characteristics and the algorithms. The analysis, modeling,
and/or simulation shall be sufficiently extensive in scope to verify that EDR requirements are
met under a broad range of conditions that are representative of those occurring in nature,
include typical and extreme conditions.

41  STRATIFICATION

4.1.1. Snow Binary Map

We identify the following stratifications for the snow binary map:

Snow fraction “truth”

Sensor view angle

Solar zenith angle

Fraction of mixed pixels

Performance of the snow binary map algorithm will depend on snow fraction. The probability of
correct typing for any binary classifier must approach 50% as the threshold for defining yes/no
“truth” is approached. Our agorithm thresholds have been tuned to a threshold of 0.5 in snow
fraction. That is, the probability of correct typing will increase as true fraction differsfrom 0.5. A
sensible stratification must then include snow fraction “truth” as a parameter. We have selected 5
ranges of snow fraction, 0.0-0.2, 0.2-0.4, 0.4-0.6, 0.6-0.8, and 0.8-1.0. We have deliberately
selected these ranges so that they are symmetric with respect to 0.5, where we expect minimum
EDR performance.

The requirements are specified at nadir. Our stratification of sensor view angle is restricted to
nadir view.

We have used a solar zenith angle of 60 degreesin our simulations to date. Our stratification of
solar zenith angle is restricted to this value. A wider range of solar zenith angles shal be
simulated in the future, following the development of surface reflectance error simulations over a
wider range.

It is informative to report EDR performance for a representative range of structured scenes. We
parameterize this range as a stratification by fraction of mixed pixels in a scene. Scenes with a
greater fraction of mixed pixels are expected to have areduced EDR performance because spatia
errors (MTF, band misregistration) are greater and because the binary classifier must degrade as
snow fraction approaches 0.5. We have selected three stratifications by fraction of mixed pixels,
10% (easy), 30% (typical), and 50% (hard).
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4.1.2 Snow Fraction

We identify the following stratifications for the snow fraction:

Snow fraction “truth”

Sensor view angle

Solar zenith angle

Fraction of mixed pixels

Performance of the snow fraction algorithm is expected to depend on snow fraction (“truth™). We
have selected 4 ranges of snow fraction, 0.0-0.25, 0.25-0.5, 0.5-0.75, and 0.75-1.0.

Unlike the binary snow map, the snow fraction requirements are specified at worst case as well
as nadir. Our stratification of sensor view angle includes nadir and edge-of-scan views.

We have used a solar zenith angle of 60 degreesin our simulations to date. Our stratification of
solar zenith angle is restricted to this value. A wider range of solar zenith angles shal be
simulated in the future, following the development of surface reflectance error simulations over a
wider range.

It is informative to report EDR performance for a representative range of structured scenes. We
parameterize this range as a stratification by fraction of mixed pixels in a scene. Scenes with a
greater fraction of mixed pixels are expected to have areduced EDR performance because spatia
errors (MTF, band misregistration) are greater. We have selected three stratifications by fraction
of mixed pixels, 10% (easy), 30% (typical), and 50% (hard).

42  STRATIFIED PERFORMANCE ANALYSIS
4.2.1. Snow Binary Map
Performance verification is by demonstration.

We classified MODIS Airborne Simulator (MAS) scenes as snow or no snow at a 50 meter pixel
resolution, with the aid of an unsupervised 6 band classification in ENVI. Manual review of the
ENVI classifications was performed to assign each ENVI-derived class as snow or no snow.

We aggregated each scene to pixel sizes of 0.4 km and 0.8 km to simulate VIIRS pixels at nadir
and edge of scan respectively. We classified each VIIRS pixel as snow or no snow, depending
upon the number of snow/no snow MAS pixels in the aggregate. At nadir, a VIIRS pixel is an
aggregate of 64 MAS pixels. For a VIIRS nadir pixel to be classified as snow, it required 33 or
more MAS pixels classified as snow. For a VIIRS nadir pixel to be classified as no snow, it
required 33 or more MAS pixels classified as no snow. These classifications are used as “VIIRS
truth”.
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A number of perturbations were applied to the scenes to simulate sensor/algorithm performance.

Reflectance errors were applied to the scenes. We perturbed the aggregated reflectancesin MAS
bands 3 (648 nm), 7 (866 nm), and 10 (1.63 um), using model errors for the Surface Reflectance
IPin VIIRS bands 5i (645 nm), 6i (865 nm), and 8i (1.61 um). We have obtained these from the
performance analysis of the Atmospheric Correction Over Land algorithm [Y2411]. Reflectance
accuracy errors were modeled by assuming an aerosol optical thickness (AOT) of 0.1 and a 0.05
offset between true AOT and the AOT acquired from a climatological database. Details on the
creation and use of the aerosol climatology are found in the Atmospheric Correction over Land
ATBD [Y2411].Our selection of AOT mean and offset is based on studies of typical aerosol
conditions in the sub-arctic (Blanchet and List, 1983). Reflectance precision errors were modeled
from the sensor noise performance specification. The reflectance errors depend on surface
reflectance truth, which is correlated with snow fraction. Reflectance errors were calculated for a
solar zenith angle of 60 degrees.

Spatial errors were also applied to the scene. The scenes were perturbed by MTF smearing,
following the sensor MTF performance specification. Band misregistration was simulated by
offsetting the NIR and SWIR bands by 0.2 pixels with respect to the visible band, consistent with
the VIIRS sytem specification for band registration [ PS154640-101] .

We applied the algorithm to the perturbed VIIRS scenes to retrieve snow/no snow, and computed
probability of correct typing by comparing the retrieved classifications to the “VIIRS truth”. We
did thisfor four scenes:

1) A Death Valley scene containing no snow cover (SUCCESS 115 16)

2) A Brazil scene containing no snow cover (SCAR-B_163 1)

3) A Northern Minnesota scene containing 100% snow cover under avarying canopy
(WINCE_49 06)

4) A mixed snow/no snow scenein Colorado in February (WINCE 50 14)
The first two scenes test the algorithm performance over desert and vegetated non-snow surfaces.

The third scene tests the performance in winter forest regions. The fourth scene tests the
performance for atypical case of mixed snow/no snow pixels.
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Death Valley Scene: Visible (.645 um) and SWIR (1.6 um) images of the scene are shown in
Figure 7. There is of course no snow in the scene. The bright feature is a salt pan. It can not be
distinguished from snow by the visible data alone (Figure 7a), but its brightness in the SWIR
(Figure 7b) does distinguish it from snow.

(@)

Figure 7. (a) Visble reflectance image of Death Valley scene from MAS/SUCCESS
campaign. The grey-scale is from 0.0 to 0.5 in reflectance. (b) Short Wave IR reflectance
image of the scene. The grey-scaleisfrom 0.0to 0.5 in reflectance.
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The NDSI/NDVI scatter plot for the Death Valley scene is shown in Figure 8. Expected system
performance errors were added to the scenes.
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Figure 8. NDSI versus NDVI scatter plot of the MAS Death Valley scene
(SUCCESS 115 16). Theimage has been aggregated to a VIIRS pixel size at nadir.

Correct classification occurs when pixels classified as snow fal to the right of the green
threshold boundary and when pixels classified as no snow fall to the left of the boundary. All
pixels in this scene were correctly classified as no snow, including the salt pan.
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Brazil Scene: Visible (.645 um) reflectance, NDVI, and NDSI images of the scene are shown in
Figure 9. Thereis of course no snow in the scene.

(@) (b) (©)

Figure 9: (a) Visible reflectance image of Brazil scenefrom MAS/'SCAR-B campaign. The

color scaleisfrom 0.0to 0.2 in reflectance. (b) NDVI image of the scene. The color scaleis

from 0.05t0 0.7 in NDVI units. (c) NDSI image of the scene. The color scaleisfrom -0.5t0
0.07 in NDSI units.
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The NDSI/NDV I scatter plot for the Brazil scene is shown in Figure 10. Expected system
performance errors were added to the scenes.
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Figure 10. NDSI versus NDVI scatter plot of the MAS Brazil scene (SCAR-B_163 1).
Theimage has been aggregated to a VIIRS pixel size at nadir.

Correct classification occurs when pixels classified as snow fall to the right of the blue threshold
boundary and when pixels classified as no snow fall to the left of the boundary. All pixelsin this
scene were correctly classified as no snow, including the cloud and cloud shadow pixels.
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Minnesota Winter Scene: Visible (.645 um) reflectance is shown in Figure 11a. Manual
review of the ENVI-classified scene has established that the scene is 100% snow covered. The
large variation in reflectance is caused by a variation in the forest canopy over the snow covered
surface. The NDSI image is shown in Figure 11b. Brighter areas have larger NDSI. These areas
have a lighter forest canopy. The NDVI image is shown in Figure 11c. Darker areas have larger
NDVI. These areas have a denser forest canopy.

Figure 11. (a)Visible reflectance image of Minnesota winter scene from MASWINCE
campaign. The grey-scaleisfrom 0.0to 1.0 in reflectance. (b) Nor malized Difference Snow
Index (NDSI) image of the scene. The color scale isfrom NDSI = 0.0 (darkest) to NDSI =
0.8. (c) Normalized Difference Vegetation Index (NDVI) image of the scene. The color scale
isreversed, from NDVI = 0.25 (darkest) to NDVI = 0.05.
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The NDSI/NDV | scatter plot for the MAS Minnesota winter scene is shown in Figure 12.
Expected system performance errors were added to the scene. All of the VIIRS pixels were
correctly classified as snow.
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Figure 12. NDSI versusNDVI scatter plot of the MAS Minnesota winter scene
(WINCE_49 06). Theimage has been aggregated to a VIIRS pixel size at nadir.

Comparison of this figure to Figure 11 indicates that the scene can be characterized as a uniform
snow-covered surface under a variable forest canopy. As the density of the canopy increases, the
location in the scatter plot moves up and to the left, resulting in a canopy-density track. Correct
classification occurs when pixels classified as snow (blue) fall to the right of the green threshold
boundary and when pixels classified as no snow (red) fall to the left of the boundary. All pixels
in this scene are correctly classified as snow. Without the NDVI correction, misclassification
would occur where blue pixels fall to the left of the orange boundary, resulting in a correct
classification of 91.6 %.

28 Document #: Y2401 Raytheon



NPOESS COMPETITION SENSTIVE Show Cover/Depth

Colorado Winter Scene: Visible (.645 um) reflectance is shown in Figure 13a. Manual review
of the ENVI-classified scene has established that the scene has a mixture of snow cover.
Aggregation of the classified pixelsto a VIIRS nadir resolution produces a snow fraction “truth”
image, shown in Figure 13b. The scene was perturbed by our model for system error, and our
binary map algorithm applied to the perturbed data. The result is shown in Figure 13c.

(b) (©)

Figure 13. (a) Visible Reflectance at 50 meter resolution, taken from a 0.648 micron image
of Eastern Colorado obtained by the MODIS Airborne Simulator (MAS) on February 13,
1997. The extent of the scene is 35 km x 100 km. (b) Snow fraction at 0.4 km resolution,
obtained by classification and aggregation to a VIIRS pixel size at nadir. (c) Retrieved
Binary Snow Cover map. System performance errors were used to simulate a VIIRS
retrieval. Green cellsare mapped as snow. 97.8 % of the pixelswere correctly typed.
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Figure 14 shows an NDSI versus NDV | scatter plot for the Colorado winter scene, aggregated to
aVIIRS pixel size at nadir, with no error perturbations.
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Figure 14. NDSI versusNDVI scatter plot of the MAS Colorado winter scene
(WINCE_50_14). Theimage has been aggregated to a VIIRS pixel size at nadir.

Correct classification occurs when pixels classified as snow (blue) fall to the right of the green
threshold boundary and when pixels classified as no snow (red) fall to the left of the boundary.
Correct classification occurs for 98.52 % of the pixels. Without the NDV I correction, additional
misclassification would occur where blue pixelsfall to the left of the orange boundary.
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Figure 15 shows an NDSI versus NDVI scatter plot for scene 1, aggregated to a VIIRS pixel size
at nadir, with error perturbations (atmospheric correction, sensor noise, sensor MTF, band
misregistration) added.
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Figure 15. NDSI versus NDVI scatter plot the MAS Colorado winter scene
(WINCE_50_14). Theimage has been aggregated to a VIIRS pixel size at nadir. Error
perturbations have been added to the scene.

Correct classification occurs when pixels classified as snow (blue) fall to the right of the green
threshold boundary and when pixels classified as no snow (red) fall to the left of the boundary.
Correct classification occurs for 97.79 % of the pixels. Without the NDV I correction, additional
misclassification would occur where blue pixelsfall to the |eft of the orange boundary.
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The probability of correct typing for scene 4 isillustrated as a function of snow fraction truth in
Figure 16.
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Figure 16. Probability of Correct Typing vs. Snow Fraction for the MAS Colorado winter
scene (WINCE_50_14). The scene was aggr egated to a pixel sizeof 0.4 km to smulatea
VIIRS nadir view.

Results from the analysis of the Colorado mixed snow cover scene have been incorporated into a
stratified performance summary, shown in Table 6

Table6. Snow Binary Map : Probability of Correct Typing (%) Clear, Nadir, SZA = 60
degrees, Some Canopy, Mixed Snow/No Snow

Snow Fraction (Truth) Fraction of Mixed Pixels
00-02|02-04|04-06|06-08]08-10| 10% | 30% 50%
Specification | 99.36 80.56 56.74 92.07 99.88 | 99.04 | 97.12 | 95.20
Performance | 99.60 89.95 66.51 96.35 99.99 | 99.37 | 98.13 | 96.89
32 Document #: Y2401 Raytheon




NPOESS COMPETITION SENSTIVE Show Cover/Depth

An explanation of the stratification binsisin Section 4.1.1. Probability of correct typing for each
of the “truth” bins was derived by examining the classification error for the subset of pixels
falling into the “truth” range of the given bin. Probability of correct typing for each of the
“fraction of mixed pixels’ bins was derived in the following manner. The probability of correct
typing for pure pixels was calculated by examining the classification error for the subset of pure
pixels. The probability of correct typing for mixed pixels was calculated by examining the
classification error for the subset of mixed pixels. The probability of correct typing for a given
fraction of mixed pixels is calculated as the weighted mean of the pure pixel and mixed pixel
probabilities, with the mixed pixel weight equal to the fraction of mixed pixels.

It is important to note that the probability of correct typing for any binary classifier must
approach 50% when the “truth” approaches 0.5. The performance results shown in Figure 16 and
Table 6 reflect this characteristic. The practica measure of performance is for a redistic
distribution of true fraction for various scenes, asis shown in the last three columns of Table 6.

Snow Binary Map Error Budgets

The various error sources have been incorporated into error budgets for easy, typical, and
difficult cases. These are shownin Tables 7, 8 and 9.

Table7. Error Budget for Retrieval of the Snow Binary Map EDR

SNOW COVER (Snow Binary Map)

Case: Clear, Nadir, SZA = 60 degrees, 10% Mixed Pixels (Easy case)
Probability of Correct

Specification v3 (PDR) Typing (%) Reference
Threshold 90.00 VIIRS SRD
Objective N/A
A-Specification 95.00 Raytheon VIIRS Specification v3
Predicted Performance 99.37 Raytheon VIIRS Specification v3
Margin 95.60 Raytheon VIIRS Specification v3
Algorithm B-Specification 99.55 Raytheon VIIRS Specification v3
Thresholds 99.58 Raytheon VIIRS Specification v3
Atmospheric Correction 99.98 Raytheon VIIRS Specification v3
Sensor B-Specification 99.81 Raytheon VIIRS Specification v3
Sensor Noise 99.96 Raytheon VIIRS Specification v3
MTF 99.84 Raytheon VIIRS Specification v3
Band Misregistration 99.85 Raytheon VIIRS Specification v3
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Table8. Error Budget for Retrieval of the Snow Binary Map EDR

SNOW COVER (Snow Binary Map)
Case: Clear, Nadir, SZA = 60 degrees, 30% Mixed Pixels (Typical case)

Probability of Correct

Specification v3 (PDR) Typing (%) Reference
Threshold 90.00 VIIRS SRD

Objective N/A

A-Specification 95.00 Raytheon VIIRS Specification v3
Predicted Performance 98.13 Raytheon VIIRS Specification v3
Margin 96.81 Raytheon VIIRS Specification v3
Algorithm B-Specification 98.67 Raytheon VIIRS Specification v3
Thresholds 98.74 Raytheon VIIRS Specification v3
Atmospheric Correction 99.93 Raytheon VIIRS Specification v3
Sensor B-Specification 99.43 Raytheon VIIRS Specification v3
Sensor Noise 99.89 Raytheon VIIRS Specification v3
MTF 99.52 Raytheon VIIRS Specification v3
Band Misregistration 99.55 Raytheon VIIRS Specification v3

Table9. Error Budget for Retrieval of the Snow Binary Map EDR

SNOW COVER (Snow Binary Map)
Case: Clear, Nadir, SZA = 60 degrees, 50% Mixed Pixels (Hard case)

Probability of Correct

Specification v3 (PDR) Typing (%) Reference
Threshold 90.00 VIIRS SRD

Objective N/A

A-Specification 95.00 Raytheon VIIRS Specification v3
Predicted Performance 96.89 Raytheon VIIRS Specification v3
Margin 98.05 Raytheon VIIRS Specification v3
Algorithm B-Specification 97.80 Raytheon VIIRS Specification v3
Thresholds 97.91 Raytheon VIIRS Specification v3
Atmospheric Correction 99.89 Raytheon VIIRS Specification v3
Sensor B-Specification 99.04 Raytheon VIIRS Specification v3
Sensor Noise 99.82 Raytheon VIIRS Specification v3
MTF 99.20 Raytheon VIIRS Specification v3
Band Misregistration 99.25 Raytheon VIIRS Specification v3
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If the various error sources listed in tables 7, 8, and 9 were completely uncorrelated, the
combination of probabilities would follow the formula:

P=PXxP,Xx...xP,

Because the various error sources contain some correlation, the probabilities do not combine in
thisway. To derive the error budgets, we used multiple simulated images. Each simulated image
contained one and only one of the perturbations. Comparison of retrieval with truth for each of
the simulations gave us the error contribution of the associated perturbation. To simulate the
easy, typical, and difficult cases, we computed separate errors for pure pixels and mixed pixels,
and weighted accordingly.

The largest error is the “thresholds’ error. This error is caused by the limitations of our limited
threshold tests in accounting for the real variety of surface and canopy reflectance. In principle,
the error could be reduced by improvements in canopy modeling and by the use of different
thresholds for different surface types. Because our performance is significantly better than the
SRD requirement, we do not at present see the necessity to deviate from the MODI S approach.

Finally, we note that the sensor signal-to-noise performance is better than the specification. For
the 1.6 micron band, the improvement is substantial. Because sensor noise is such a small
component of the error budget, EDR performance would still meet specification if the sensor
signal-to-noise were degraded to its specification values. For example, if we replace sensor noise
performance with sensor noise specification, our probability of correct typing for our hard case
degrades from to 96.88 % to 95.20 % (c.f. Table 9).

4.2.2  Snow Fraction
Verification of the performance of the snow fraction algorithm is by analysis and simulation.

Errors in snow fraction are produced by errors in surface reflectance, model snow reflectance,
and model non-snow reflectance, as can be seen from equation (3.3.3.3). Our flowdown studies
suggest that spatial errors (MTF and band misregistration) are important for scenes where mixed
snow cover is variable on spatia scales comparable to the horizontal cell size. To simulate these
errors, we have analyzed MAS scenes of mixed snow cover.

For our error anaysis, we have assumed equally weighted bands. Optimal band weighting can in
principle reduce our errors.

Errorsin Model Snow Reflectance: The algorithm selects the snow reflectance model which
minimizes the RMS error. Deviation of the model spectrum from the “true” snow reflectance
introduces error. We have performed simulations to quantify this error. We adopted 10 models of
snow reflectance, ranging from grain sizes of 50 microns to 1000 microns. We selected a MAS
scene of mixed snow cover and retrieved a snow/no snow classification for each MAS pixel,
using the snow binary map algorithm. We aggregated the classified MAS pixels to VIIRS pixel
sizes to obtain “true” snow fraction. For each MAS pixel classified as snow, we simulated 1000
“real” reflectance spectra by random interpolation between the models. That is, we assumed that
the combination of a random fraction of each of the 10 types is an adequate model for “true’
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reflectance from the snow cover in a pixel. For each pixel classified as no snow, we used the
observed reflectance. We aggregated the reflectances to VIIRS pixel size and performed the
snow fraction retrieval, using the 10 model snow spectra and the observed non-snow spectra. The
RMS snow fraction measurement uncertainty was 0.02, computed by comparison of the retrieved
snow fractionsto the “true” snow fraction.

Errorsin Model Non-Snow Reflectance: The non-snow reflectance will be obtained from an
external database of monthly mean non-snow reflectance. This database does not exist at present.
The plan is to establish the database from MODIS data, and to continually update it during the
NPP and NPOESS missions. We have simulated the performance of the database by using the
average observed non-snow spectrum in a 6 km cell surrounding a given pixel as a proxy. This
produces an error of 0.04 in snow fraction. We adopt this error in our budget, but note that the
quantification of this error source will require verification. Verification will require the MODIS
data.

Errorsin Surface Reflectance: We have obtained these from the performance analysis of the
Atmospheric Correction Over Land algorithm [ Y2411]. The errors depend on surface reflectance
truth, which is correlated with snow fraction. Reflectance errors were calculated for a solar
zenith angle of 60 degrees, an aerosol optical thickness of 0.1, an error in aerosol optical
thickness of 0.05, and a calibration bias of 2%, to simulate expected system performance for a
typical solar zenith angle and atmosphere.

MTF Errors: Errors due to MTF smearing of the radiances have been analyzed. Our test scenes
were MODIS Airborne Simulator scenes of mixed snow cover. Ground truth was determined at
50 meter spatial resolution. We adopted a sensor GIFOV of 1.3 km at 3000 km swath, subjected
the scenes to an MTF smearing derived from the current VIIRS baseline sensor performance
model, retrieved snow cover with our algorithm, and computed Measurement Uncertainty. For a
scene with 50% mixed pixels, the error in snow fraction due to MTF was 0.064. We adopt a
linear scaling of MTF error with fraction of mixed pixels, so that the estimated MTF error for
scenes with 30% mixed pixelsis 0.039.

Band Misregistration Errors. We applied a band misregistration of 0.2 pixels, following the
VIIRS system specification for band-band registration [ SS154640-001]. For a scene with 50%
mixed pixels, the error in snow fraction was 0.037. As with MTF, we adopt a linear scaling of
error with fraction of mixed pixels, so that the estimated band misregistration error for scenes
with 30% mixed pixelsis 0.022.
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Tables 10, 11, and 12 show the errors stratified by scan angle, and snow fraction truth for easy,

typical, and hard cases.

Table 10. Snow Fraction Measurement Uncertainty :

Clear, 10% Mixed Pixels (Easy case)

Scan Angle Snow Fraction (Truth)
0.0-0.25 0.25-0.5 05-0.75 0.75-1.0
Nadir .053 .056 .061 .067
Edge-of-Scan 061 .065 077 091
Table 11. Snow Fraction Measurement Uncertainty :
Clear, 30% Mixed Pixels (Typical case)
Scan Angle Snow Fraction (Truth)
0.0-0.25 0.25-0.5 05-0.75 0.75-1.0
Nadir .070 072 .076 .081
Edge-of-Scan 077 079 .089 102
Table 12. Snow Fraction Measur ement Uncertainty :
Clear, 50% Mixed Pixels (Hard Case)
Scan Angle Snow Fraction (Truth)
0.0-0.25 0.25-05 05-0.75 0.75-1.0
Nadir .096 .097 100 104
Edge-of-Scan .100 102 110 121

An explanation of the stratification binsisin Section 4.1.2.
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4.2.2.1 Snow Fraction Error Budget

The various error sources for atypical case have been incorporated into an error budget, shown
in Table 13.

Table 13. Error Budget for Retrieval of the Snow Fraction EDR

SNOW COVER (Snow Fraction)

Case: Clear, Nadir, SZA = 60 degrees, 30% Mixed Pixels, Truth =0.5
Measurement

Specification v3 (PDR) Uncertainty Reference
Threshold N/A
Objective 0.1000 VIIRS SRD
A-Specification 0.1000 Raytheon VIIRS Specification v3
Predicted Performance 0.0738 Raytheon VIIRS Specification v3
Margin 0.0675 Raytheon VIIRS Specification v3
Algorithm B-Specification 0.0587 Raytheon VIIRS Specification v3
Surface Reflectance 0.0380 VIIRS Snow Cover/Depth ATBD v3
Snow Reflectance 0.0200 VIIRS Snow Cover/Depth ATBD v3
Non-Snow Reflectance 0.0400 VIIRS Snow Cover/Depth ATBD v3
Sensor B-Specification 0.0450 Raytheon VIIRS Specification v3
MTF 0.0390 VIIRS Snow Cover/Depth ATBD v3
Band Misregistration 0.0220 VIIRS Snow Cover/Depth ATBD v3

43  LIMITS OF APPLICABILITY

In this section, we discuss the conditions under which our EDR specified performance can not be
attained.

43.1 Cloudy

The VIIRS Snow Cover EDR is required under clear conditions only, with clear defined as a
cloud optical thickness less than 0.03. Our specification is for clear scenes only. Clouds are not
amenable to spectral mixture anaysis, because their reflectance properties are highly variable.
The standard approach to minimize errors caused by clouds is to mask pixels where clouds are
likely to be present in the radiance path. The VIIRS Cloud Mask [Y2412] will perform this
function. Because no cloud mask is perfect, there will be some source of error caused by the
effects of unmasked clouds. Thin clouds will perturb the upwelling surface reflected radiance by
absorption, and scattering, and will also be a source of reflected and radiance unrelated to the
surface. There will also be error due to incorrect classification of cloud contaminated pixels as
clear aswell as due to cloud shadows.

It is desirable to perform tests to determine the expected size of the retrieval errors under various
conditions of cloud optical thickness and phase. Thin cirrus clouds are a particularly important
case of cloud error, because they are particularly difficult for the cloud mask to detect over snow.
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These tests require the ssmulation of TOA radiances from snow surfaces with a variety of
overlying cloud layers. It has not been feasible to perform these tests to date because the VIIRS
Cloud IPT requires a stable sensor design to make the simulations. In the absence of these tests,
we cannot quantify the effect of clouds. The conditions under which the specification can not be
attained may include a range of cloud optical thickness. The range will be determined by a
balance between the increasing effect of clouds on the signal and the increasing probability of
correct masking. The specification of this range has been deferred to future validation activity.

4.3.2 Low Light or Nighttime

The algorithm requires solar reflectance. Thermal contrast between snow and non-snow land
surfaces is not a characteristic property. A solar zenith angle threshold of 80 degrees is adopted.
For larger angles, surface reflectance errors become too large. Improved atmospheric correction
would allow usto increase this threshold. The extension and refinement of the threshold is a goal
of pre-launch initialization. MODI S experience will be of great value.

4.3.3  Forest canopy (snow fraction)

A large part of snow cover occurs in the boreal forests. These forests obscure most of the
underlying surface. Observations of forest canopy under conditions where 100 percent snow
cover is expected show abedo variations as large as 70%. Snow cover measurement
uncertainties of 10% are not possible under these conditions. We have to be able to identify and
flag pixels of forest canopy. The binary snow map algorithm will perform in boreal forests. We
have verified its performance for the winter forest canopy of Northern Minnesota. Its
performance in the deeper boreal forests is TBD. MODIS validation is expected to thoroughly
characterize the performance in boreal forests.

44  PRACTICAL CONSIDERATIONS
4.4.1 Numerical Computation Considerations

The requirement to retrieve EDRs on a global, operational basisin a 20-minute time frame places
constraints on the SMA technique. The algorithms have been run on a UNIX server under
controlled conditions to verify compatibility with the operational requirements.

4.4.2 Programming and Procedural Considerations

All procedures must be automatic, in order to perform in the operational environment. It is
expected that the algorithms will be directed by decision nodes, based on the availability and
quality of data, as well as on regional and seasona considerations. Therefore, all LUTs and
decision trees that may be required must be available at all times.

443 Configuration of Retrievals

The Snow Cover EDR expects the output from the VIIRS Cloud Mask IP and the VIIRS Albedo
EDR. The NPOESS processing configuration should be designed to satisfy these expectations.
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4.4.4  Quality Assessment and Diagnostics

Quality flags will be attached to each archived pixel result. The snow fraction agorithm will
produce an error estimate for each pixel. The agorithm should be expected to archive the final
pixel errors for quality assessment. Ideally, a pixel error greater than an accepted threshold will
be flagged.

In principle, quality assessment can be incorporated into the algorithm as a factor affecting
decision nodes. For example, the persistence of large pixel errors could trigger an aternative
technique for non-snow endmember selection.

445 Exception Handling

Pixels identified by the cloud mask will be flagged. Pixels with bad quality flags will be skipped
and flagged. Bands with bad quality flags will be removed.
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5.0  INITIALIZATION AND VALIDATION
51  INITIALIZATION

Our plan is to establish and maintain close contact with the MODIS teams, following the
selection phase of the NPOESS program, to coordinate our initialization activity with their post-
launch validation.

Plans include the development of a reliable global reference database of non-snow endmembers.
The development the database will be an ongoing project. We expect the MODIS and NPP
missions to accumulate information on surface constituents and their reflectance spectra for
various global locations and times of year. A MODIS Surface Reflectance product (Vermote,
1999) is expected to be stored at the MODIS DAAC. The product will contain the surface
reflectances, corrected for atmosphere and BRDF, for MODIS bands 1 and 2 at 250 meter
resolution, and bands 3-7 at 500 meter resolution. This database should be more than sufficient
to establish a monthly mean non-snow reflectance database for VIIRS at a fixed
|atitude/longitude grid of 1 km.

We will create a global database of monthly mean non-snow reflectance in the MODIS
reflectance bands from MODIS data. The reflectances will be corrected to VIIRS bands by
spectral interpolation. The corrected database will be used at the start of the NPP mission. As the
NPP mission proceeds, the database will be continualy updated from NPP observations. We
expect a smooth transition from MODIS to NPP to NPOESS.

We will also extend our library of snow reflectance spectra. Our current library spans a
reasonable range of snow grain sizes, but does not account for the effects of impurities. It is
expected that the capabilities of the planned GLI mission will provide useful data for this
activity.

Radiative transfer models will be applied to large solar zenith angle data to optimize the models
for polar conditions, and to develop decision rules for solar zenith angle thresholds. MODI S data
taken at solar zenith angles greater than 70 degrees will be studied to fine tune our solar zenith
angle threshold for daytime conditions. The limiting factor is believed to be the reliability of
atmospheric correction at larger solar zenith angles. Plane parallel radiative transfer algorithms
are inaccurate for angles greater than 70-75 degrees. Development of improved radiative transfer
models at larger angles will allow us to relax this constraint. To solve the Radiative Transfer
Equation appropriately one would have to take into account the spherical shell atmosphere
geometry (Thomas and Stamnes, 1998). It is expected that “truth” can be established from in situ
data obtained from MODI S validation campaigns.

MODIS Airborne Simulator (MAS) observations will be used to optimize cloud detection over
snow surfaces. The VIIRS Cloud Mask will be applied over a series of MAS images for which
there are varying degrees of snow cover to evaluate and optimize its performance.
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5.2  PRE-LAUNCH CHARACTERIZATION

The pre-launch plan for the Snow Cover/Depth EDR includes sensitivity studies, analysis of
simulated VIIRS data, and verification using MODIS-type data. Observations from AVIRIS,
MAS, MODIS, GLI, and NPP will be used in the pre-launch phase to study the error
characteristics and optimum techniques for the algorithm. It is expected that MODIS validation
datawill be of great value. This datais expected to include in situ field measurements combined
with MODIS observations, MAS underflights, and low level aircraft measurements at spatial
resolutions less than 10 meters. Our plan is to use this data in combination with the VIIRS sensor
model to produce simulated VIIRS scenes, apply our algorithms to retrieve our EDR products,
and compare our results with “truth” derived from in situ, aircraft, and MAS data.

53  VALIDATION

Our pre-launch plan is designed to interface smoothly with post-launch validation activity. We
would propose to conduct a post-launch VIIRS validation campaign similar to the MODIS
validation activity. In this sense, post-launch validation will already have been simulated by the
pre-launch activity. Following launch, we would substitute real VIIRS data for the pre-launch
simulated data. We would establish “truth” by the same process as use for pre-launch
characterization.
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6.0 ASSUMPTIONS

The statements and conclusions in this document are subject to the validity of the following
assumptions.

1. An effective cloud mask over snow and ice surfaces will be available from the VIIRS Cloud
Mask algorithm [Y2412].

2. Surface reflectance brought to standard conditions will be derived from TOA radiances by
the Atmospheric Correction over Land algorithm, with errors as specified in the Atmospheric
Correction over Land ATBD [Y2411].

3. Pixelssubject to large forest canopy errors can be identified and flagged.

4. Non-snow reflectance will be available from an external global database. The creation of this
database isarequired initialization activity.
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